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ABSTRACT 
Superconducting cuprates and pnictides composed of CuO2 or AsFe planes respectively
with intercalated insulating layers, are at the crossroads of three families of crystalline
solids:  metals,  doped  Mott  insulators,  and  ferroelectrics.  In  the  latter  atomic
displacements play a key role. Both the metallic and the doped insulator approaches to
high temperature superconductivity are essentially electronic ones and do not directly
involve the lattice. By contrast, in a recently proposed Bond Contraction Pairing (BCP)
model, contraction of in-plane Cu-O (or As-Fe) bonds plays an essential role in the
pairing mechanism. Here we apply it to low angle grain boundaries and show that
their reduced critical current is due to tensile deformation generated by dislocations.
The model also explains why interface misfit dislocations, which can result in a dead
layer in the case of ferro-electrics, may improve vortex pinning in the cuprates.
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   The low critical current across grain boundaries is arguably the most serious problem
that  stands  in  the  way  of  manufacturing  high-critical  current,  mile-long  HTS  wires.
Typically,  grain  boundaries  reduce  the  critical  current  density  of  optimally  doped
polycrystalline YBa2Cu3O7+x (YBCO) at 77K from an intra-grain value jc of several 1.106
A/cm2 down to a few 100A/cm2.  Studies of  the intergrain critical current density jcb in
artificial grain boundaries in thin films grown on SrTiO3 bi-crystals have shown that its
decrease as a function of the boundary angle is universal amongst all cuprates.1 Even at
angles lower than 10 degrees it is already substantial.2.Recently, it has also been found
that jcb in the pnictides behaves similarly to that in the cuprates, which underlines that its
angular  dependence  is  a  fundamental  property  of  a  large  class  of  high  temperature
superconductors.3 As  noted  by  Hilgenkampf  and  Mannhart,1 understanding  the  grain
boundary problem requires having a pairing model for High Tc. Since the lattice does not
play an important role either in the metallic or in the doped Mott insulator approaches, it
is doubtful that they can provide a suitable basis for an explanation, beyond the general
remark that the HTS short coherence length makes them sensitive to small scale disorder.4
   We will  argue here that the origin of the low  jcb is the tensile strain generated by
dislocations located along the boundary. In the BCP model the formation of pairs, which
is  a  precursor  to  long range superconducting order,  is  necessarily  accompanied by a
contraction of in-plane Cu-O (or As-Fe) bonds involving overlap of d and p orbitals.5 We
will show that a tensile strain larger than about 1% is sufficient to quench this pairing
mechanism, and that such strain is present up to distances of several nanometers from
dislocation cores where it  generates non-pairing regions. When the boundary angle is
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larger than 5 to 10 degrees these regions overlap and turn the entire grain boundary into a
weak junction.  We also show that the same strain effect that is detrimental in the case of
grain boundaries can enhance vortex pinning near misfit dislocations at interfaces with a
substrate having a lattice parameter larger than that of the superconductor, and similarly
in the vicinity of embedded nano-particles. 
   We first consider strain fields generated in the vicinity of a low angle grain boundary
where edge dislocations are located at a distance L from each other. For a tilt boundary
defined by a rotation angle ! around an axis perpendicular to the CuO2 planes:
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where a is one of the two lattice parameters of the CuO2 (ab) plane (the slight difference
between the values of the a and b lattice parameters in the orthorhombic superconducting
phase of the cuprates is not important here). According to the theory of elasticity, the
strain field for an edge dislocation (reasonably far from the core) is given by:
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where we have taken the  x axis parallel to the Burger’s vector of the dislocation. The
origin is taken at the location of the added half atomic plane. Here c expressed in % is a
materials property, and coordinates are normalized by the lattice parameter.
   The strain across the grain boundary is a tensile one on the side where an atomic plane
is  missing,  and a  compressive one on the  side  where  it  is  added.  In  the  case  of  the
cuprates, the compressive strain is quickly released possibly by removal of an oxygen
atom linking two Cu atoms, so that the strain along the boundary is found to be mostly a
tensile one.6 We have reproduced in the insert of Fig.1 the schematic representation of an
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atomic resolution picture of a 7 degrees angle grain boundary by Song et al.7 A tensile
distortion of the lattice in the direction perpendicular to the boundary is clearly seen
below the dislocation core. As shown Fig.1 the strain "xx(y) can be fitted reasonably well
to Eq.2. It reaches a 1% level between the 5th and the 10th row below the dislocation (c #
5 to 10%). 
   In the BCP model, the pair breaking energy is given by:
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where we have used for definiteness notation relevant for the case of the cuprates. Here
the first term on the r.h.s. is the energy gained by two doped carriers when they localize
on opposite sides of an Oxygen atom forming a singlet pair,5 and the second term is the
energy gained by releasing two electrons at the bottom of the conduction band (or at the
top of the valence bad if these are holes), i.e.the band width. The transfer integral  tCuO
between a d orbital state on a Cu atom and a p orbital state on the neighboring oxygen is
that in the presence of an added carrier to the pristine AF compound, and U is the on-site
Coulomb repulsion. For pairs to form, the difference between the two terms of the r.h.s.
must be positive. 
   Pair formation results from a delicate balance between two large terms that can be
easily upset. In the BCP model, $ is the pseudo-gap, known to be of the order of 50 meV.
Both terms on the r.h.s. are of the order of one eV, larger than the pseudo-gap by one
order  of  magnitude.  Pairing  is  possible  through  Cu-O  bond  contraction  because  the
transfer integral  tCuO increases quickly when the Cu-O bond length is shortened, as it
varies  as  the  5th power  of  that  length.  Vice  versa a  small  elongation of  that  bond is
sufficient to prevent pair formation. Quantitatively, a tensile strain of the order of 1% is
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sufficient to suppress pairing since the difference between the two terms of the r.h.s. of
Eq.3 is of about 10%. Since strains of that order are reached as we have seen up to the
fifth to tenth row below a dislocation core along the boundary, pairing is suppressed up to
that  distance.  If  L is  smaller  than  5  to  10  atomic  lattice  parameters,  pairing  will  be
suppressed along the entire boundary. This distance is reached when the boundary angle
is larger than 5 to 10 degrees. This prediction of the BCP model is in full agreement with
the data of Heinig et  et al. which show that low angle values jcb extrapolate down to zero
at an angle of about 10 degrees.2 It is also in agreement with the recent data of Lee et al.
who have shown that in the pnictides 6 degrees angle grain boundaries have already a
reduced  jcb value.3  We  emphasize  that  this  angle  is  much  lower  than  that  at  which
dislocation cores overlap (about 30 degrees), an experimental result that was so far not
well understood.
   As long as regions where strain is higher than 1% do not overlap (!< !c  # 5 to 10
degrees)  the  critical  current  across  the  boundary is  dominated by the  fraction of  the
boundary where pairing is not affected by strain. When they do (!> !c),  jcb is set by the
profile of the order parameter  across the non-pairing region.   As one approaches the
boundary the strain increases progressively as described by Eq.2 but, since the energy
gained by pairing decreases as the 10th power of the strain, we model the transition from
the pairing S to the non-pairing N region as one where the pairing potential V falls down
abruptly to zero at a distance xc from the boundary (Fig.2). The ratio of the critical current
across the boundary to the bulk one is then given by:
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where  K is the inverse of the decay length of the order parameter in the non-pairing
region, here of the order of the coherence length in S since S and N are identical, except
for  the  value  of  the  pairing  potential.8 This  expression  includes  the  effect  of  the
temperature dependence of the order parameter at the boundary between the S and N
regions, which results in jcb varying as (Tc-T)2 as observed,9 and that of the exponential
decrease of the order parameter inside the non-pairing region. From Eq.2 a contour of
equal strain surrounds a region whose total thickness across the boundary is about twice
its extension along it. Defining the contour of the non-pairing region as that inside which
the strain is larger than 1%, we call its extension yc along the boundary and xc # 2yc across
it.  Taking T=77K,  yc  = 2.2nm from the extrapolated angle of 10 degrees measured by
Heinig  et  al.2 (corresponding to  c =  0.06),  and  K-1  =1.5 nm,  we obtain  from Eq.4  a
reduction factor of 50 when overlaps occurs, in good agreement with their data for jb at
!=10 degrees. The increased critical current obtained by Ca overdoping of the boundary
10 may be due to a longer decay length.
   While tensile strains due to dislocations are detrimental in the case of grain boundaries
because they turn the entire grain boundary plane into a non-pairing region when !> !c ,
they can be beneficial in the case of misfit dislocations resulting from a  lattice mismatch
at an interface between a single crystal substrate and a cuprate film grown by hetero-
epitaxy.11 In  the  framework  of  the  BCP  model,  tensile  strain  generated  by  misfit
dislocations results in the  formation of non-pairing columnar regions having a diameter
of the same order as the thickness of the non-pairing region across a grain boundary. The
distance d between misfit dislocations is equal to a/f where f is the lattice mismatch.. For
an YBCO film grown on a SrTiO3 substrate the mismatch is of about 2%, the distance
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between dislocations about 20 nm, hence  d #  10  xc. This is favorable since the non-
pairing regions do not overlap,  and at  the same time  d is  sufficiently small  to allow
efficient vortex pinning in fields of several Tesla. Partial destruction of superconductivity
in the cuprates due to misfit dislocations (here beneficial) is reminiscent of their effect on
ferro-electric thin films.12 It was shown that in the case of a lattice mismatch of several
%, ferro-electricity is actually quenched near the interface, resulting in a “dead layer”. No
such destruction of ferro-electricity was observed in the case of a lattice mismatch of
0.1% or less, therefore the destruction at large lattice mismatch is clearly related to the
formation of a sufficiently dense array of misfit dislocations 
   Misfit dislocations or other columnar defects are very effective in pinning vortices for
fields oriented perpendicular  to the interface.11,13 However what  is  ideally desired for
practical applications such as magnets is a completely isotropic critical current since in a
coil there are magnetic fields of any orientation. It  has recently been shown that this
objective can be achieved when incoherent nanoscale insulating particles are embedded
in the conductor.14 Strain distribution in that case is more complicated than what it is for
edge and misfit dislocations. However one may retain the general idea that a non-pairing
shell having a thickness of a few nanometers surrounds these particles. It is this non-
pairing shell that pins the vortices rather than the particles themselves which are just
insulating bodies interrupting vortices. The strain distribution is not known in the case of
embedded particles of different kinds, but the average micro-strain can been determined
by an analysis of the diffraction lines broadening. It was found that Tc decreases when
the micro-strain is larger than 1%, and does not when it  is lower than 0.5%.14 These
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results  are  in  good  agreement  with  the  BCP model  since  superconductivity  must  be
quenched in a substantial fraction of the sample if the average strain is larger than 1%.
   In conclusion, based on a model where pairing requires a contraction of Cu-O bonds,5
we have  proposed that  the  tensile  strain  field  surrounding edge dislocations  destroys
pairing in a region extending up to a few coherence lengths from the dislocation core.
This strain effect turns grain boundaries into weak junctions as soon as the boundary
angle  is  large  enough  for  these  regions  to  overlap  along  it,  which  according  to  our
estimate occurs when it is btween 5 and 10 degrees, well before dislocation cores overlap
as observed.8 On the other hand, the same model explains the  enhancement of the critical
current  density  near  interfaces  where  misfit  dislocations  induce  tensile  strain  in  the
superconductor and in the vicinity of embedded nano-particles, because in these cases the
strain effect  creates non overlapping non-pairing regions that are favorable for vortex
pinning. Our prediction of a broad non-pairing but conducting region extending up to
several  nano-meters  across  a  grain  boundary can be  checked by Scanning Tunneling
Microscopy  without  requiring  atomic  resolution,  thus  offering  a  test  of  the  Bond
Contraction Pairing model.
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Figure captions:
 
Figure 1
Below the dislocation core as shown in the insert, where he expansion of the lattice below
the dislocation core in the direction perpendicular to the boundary is clearly seen, the
strain "xx(y) can be fitted to the 1/y dependence predicted by Eq. 2 for x=0. The 1% strain
level is reached between the 5th and the 10th row below the dislocation. The insert is
reproduced from Ref. 7.
Figure  2.
The tensile strain "xx, pairing potential V and order parameter % across a grain boundary
in the vicinity of a dislocation core. Pairing is suppressed by strain in a region N whose
thickness across the boundary 2xc is a few times larger than the coherence length. A finite
order parameter is induced in N by the proximity effect with the banks S.
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plane, as shown in Fig. 3c, while the tensile part of the dislocation 
extends along the Ca-doped GB over three unit cells, rather than 
the one to two cells in pure YBCO.
Electron energy-loss spectra (EELS) were measured both 
perpendicular and parallel to the GB with a 0.2-nm electron 
probe and a stage-drift-limited spatial resolution of 0.3–0.4 nm. 
Figure 4a compares Ca L2,3 edge spectra averaged from 10 
different individual dislocation cores and 15 intragrain regions. 
The data show that the Ca content of 0.46 in the tensile part of 
the dislocation core exceeds the nominal bulk Ca concentration 
by 55%. Spectral traces normal to the GB revealed sharp Ca 
peaks at the GB, and pronounced minima about two unit cells 
away, as shown in Fig. 4b. Moreover, the Ca concentration varies 
non-monotonically along the GB near the two bright–one dark 
column triplet at the dislocation core in Fig. 4c. The single dark 
column in the Z-contrast images is another indication of strong 
local Ca-enrichment.
Oxygen K-edge EELS spectra at the dislocation cores in Fig. 5 
clearly show a pre-peak around 528 eV indicative of metallic 
behaviour, both for the pure and Ca-doped GB. Although EELS 
imaging damaged the cores within a few seconds, we were able to 
measure a lower hole defi ciency at the Ca-doped GB. For a nearly 
optimally doped YBa2Cu3O7–δ with δ ≈ 0.2, the oxygen K-edge at 
535 eV is coupled to the pre-peak at 528 eV by transitions to the 
O–2p states, which form the hole valence band. As δ increases, 
the intensity of the 528 eV peak falls, indicating a decrease in 
the hole concentration and a reduction of Tc (ref. 19). Electron 
beam damage makes spatial variations of the oxygen K-edge pre-
peak intensity inconclusive, yet the EELS results also indicate 
that neither the pure nor the Ca-doped GB dislocation cores are 
strongly hole-defi cient. This result is consistent with earlier lower 
spatial resolution (~2– 3 nm) data taken on low-angle, fl ux-grown, 
bulk [001]-tilt bicrystals, which exhibited only weak depression of 
the oxygen pre-peak near the GB20.
The structure of the pure dislocation core in Fig. 3a is also 
consistent with earlier studies of [100] dislocations at YBCO GBs21. 
However, we found for the fi rst time that Ca not only expands 
the dislocation cores, but that the structure of the Ca-doped core 
is different from the pure one, as shown by the unusual column 
intensity sequence in Fig. 3b. For instance, the Ca-induced core 
expansion may result from a stacking fault (Y/Ba/Ca)/(Cu/O)/(Y/
Ba/Ca)/(Y/Ba/Ca)/(Y/Ba/Ca)/(Cu/O)/(Y/Ba/Ca) in the dislocation 
tensile region. The stacking fault could result from the dislocation 
reaction, [100] → ½[100] + ½[100]. In any case, the striking aspect 
of the Ca segregation shown in Fig. 4 is its strong variation along 
the GB on the scale of the unit cell, indicating that the larger Ca2+ 
ion of radius rCa = 0.099 nm may preferentially substitute for the 
smaller Y3+ (rY = 0.09 nm) in the tensile part of the dislocation 
core22. The segregation of solute can strongly affect the structure 
of GBs23–25, for example, Ca segregation can induce the GB lattice 
transformation in MgO25.
The surprising result of our microscopy is that the undisturbed 
channel between the dislocation cores was narrowed, yet our 
transport data show a higher Jgb for the Ca-doped bicrystals over 
a wide range of fi eld and temperature, in agreement with prior 
studies9,11,15. Here Jgb is limited by pinning of the GB vortices 
whose structure changes dramatically as compared with the bulk 
Abrikosov vortices. Indeed, depressed superconductivity at the GB 
due to charging, d-wave symmetry and local non-stoichiometry 
causes expansion of the GB vortex core from a normal core 
of the order of the intragrain coherence length ξ ≈ 4 nm to a 
stretched Josephson core of length l(T) >> ξ along the GB16. 
a
b
Cu-O
Y-Ba
7° Pure 7° Pure
7° Ca-doped 7° Ca-dopedCu-O
Y-Ba-Ca
0.4 nm
0.4 nm
Figure 3 Atomic structures of dislocation cores for pure and 0.3Ca-doped [001]-tilt YBCO grain boundaries. Z-contrast TEM images of [100] dislocation cores a, 
for pure 7° [001]-tilt YBCO bicrystal. The Y-Ba and Cu-O columns are indicated in the middle image, and b, for 0.3Ca-doped 7° [001]-tilt bicrystal. The expanded, more-
disordered tensile region of the dislocation core is indicated in the middle image. The sketches are of atomic column positions at [100] dislocation cores for the pure (a) and 
0.3Ca-doped (b) GBs. Dashed lines indicate the dislocation core regions for pure YBCO GB (a) and the expanded core regions for the Ca-doped GB (b). The grey marks three 
columns with anomalous intensity in the Ca-doped GB. 
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